We intend to use a gene complementation approach to clone a tumor suppressor gene on mouse chromosome 2, the loss of which contributes to myeloid leukemia. An in vitro model system has been generated using a clonal cell line, in which tumorigenic chromosomal lesions have been selected along with myeloid differentiation. Among these lesions are deletions of chromosome 2. Comparison of subclones with deleted vs intact chromosomes 2 has allowed the identification of a growth related phenotypic pattern which correlates with the deletion, viz the retention of a marker of immature cells, resistance to inhibition by lipopolysaccharide (LPS), even in the presence of markers of mature myeloid cells, such as resistance to killing by apoptosis-inducing agents. The phenotype is shared by chromosome 2-deleted cell lines derived from conventional tumors. We have begun to investigate the mechanism of the phenotype. The LPS resistance does not correlate with lack of mRNA for CD14, a known cell surface receptor for this agent, or with failure to induce TNF␣ or nitric oxide synthase in response to its binding. The system should allow cloning of the gene using complementation of this phenotype in transfected cell lines.
Introduction
The identification of tumor suppressor genes (TSG) is essential to progress in identifying the many paths by which normal cells become malignant. Because the existence of a TSG is heralded by its absence from certain tumors, 1 locating and cloning a new one is a formidable exercise. The first stage is relatively straightforward, ie to define as small as possible a commonly deleted region (CDR) in a large number of independent tumors. Using chromosomally mapped microsatellite markers, 2 a CDR of a centimorgan (cM) or less can be generated. However, this still presents a challenging second stage, generally carried out by sequence analysis of a large fraction of the CDR DNA. In order to avoid the most laborious aspects of this, we have developed a gene complementation approach.
We have started with the proposition that it is possible to determine the biological effect of an unknown TSG by comparing the phenotype of tumor cells bearing the chromosomal deletions of interest with that of appropriate non-deleted control cells. This proposition depends on three preconditions: the availability of suitable control cells, the detectability of the 'signal', ie the biochemical effect of the gene product, and a lack of 'background', ie competing biochemical effects of other genes lost in the deletions.
Control cells for this exercise need to be clonal populations of non-deleted cells that are otherwise phenotypically and genotypically comparable to the deleted tumor cells. An ideal model would be a clonal cell line in which the deletions could be selected. Our approximation of this is based on a murine hemopoietic cell line which we have previously described, RB22.2. 3 Although the undifferentiated parent line is transformed by Abelson leukemia virus, the continued rapid growth of differentiated macrophage-like subclones seems to depend on the acquisition of tumorigenic karyotypic abnormalities, 4 viz trisomy of chromosomes (chrs) 5 or 12, 5 translocation of chr 16 6 or deletion of chr2. [7] [8] [9] [10] The chr2 aberrations have been known for 20 years to contribute to myelogenous leukemia. 7 We have confirmed the interpretation of others that deletion of a putative TSG on this chromosome is an important tumorigenic event. 4, 11 We have chosen to compare our chr2-deleted and non-deleted clonally related lines to help identify and clone the TSG lost in this deletion.
The second requirement is that appropriate culture conditions can be created with which to reveal the biological effect of the TSG in vitro. The TSG thus far identified show a limited and overlapping range of mechanisms of action, including inhibition of growth (P53, Rb, WT-1, p16, CDK4, BRCA1, MET, NF1), induction of apoptosis (p53, WT1), and repair of DNA damage (MLH1, MSH2, PMS1 and 2, BRCA1 and 2) (reviewed in Ref. 12) . Since the chr2 deleted tumors lack the microsatellite instability indicative of loss from the last group of genes (Ref. 13 and our unpublished results), we chose to examine our cell lines for responses to growth and apoptotic signals.
It is likely that the third requirement for this approach, ie that there is minimal background effect caused by loss of surrounding genes, will be realized given the expectation that both alleles of a TSG must be inactivated to induce a tumorigenic effect. 1, 14 This most often occurs by deletion of a large (ie cytogenetically detectable) region of one chromosome, combined with a more specific mutational inactivation of the second allele of the TSG on the homologous chromosome. Thus the deletion in any given tumor signals inactivation of single alleles of most genes in the region, but of both alleles of the TSG. It is a reasonable expectation that the growth or apoptosis-related biological effect of homozygous loss of a TSG will be greater than that of hemizygous loss of any of the surrounding genes. Thus, if a common positive effect on cell growth or survival can be found for the loss of many overlapping but non-identical deletions in independent tumors, this effect is very likely to result from the loss of the TSG.
Here we describe how, by comparing chr2-deleted subclones of RB22.2 with their non-deleted counterparts, we have identified a growth-related phenotype associated with the deletion. We have previously described the generation of an independent series of conventional radiation-induced myeloid tumors, from which cloned cell lines bearing chr2 deletions have been derived. 11 These have been used to confirm the phenotype ascribed to the deletion. Thus we have developed a cell biological assay which may allow the cloning of the chr2 TSG by complementation.
Materials and methods
The origin and maintenance of tumors and cell lines have been described previously. 4, 11 Briefly RB22.2 is a BALB/c hemopoietic tumor cell line transformed by Abelson leukemia virus. 3 Its derivatives were selected as adherent macrophagelike subclones appearing either spontaneously or after various drug treatments. 4 The RSS and RXS lines were derived from spleen tumors induced by radiation in SJL/J and SJL/J×CBA mice, respectively. 11 Subclones were derived by limiting dilution. RSS clones 1p5.1, 4p2.1, 5p1.4, 6p2.1, 7p2.3 and 8p2.1, used throughout this study, are referred to without passage and subclone numbers. Maintenance medium was DME with 10% calf serum supplemented with iron (Life Technologies, Melbourne, Australia) and 50 M 2-mercaptoethanol.
Growth inhibition assays
Cells were plated at 1000 (RB22.2 derivatives) or at 10 000 (radiation-induced tumor lines) cells per well in 96-well flat bottom plates in growth medium. Groups of six replicate wells were either left untreated or exposed to varying doses of agents as described in the Figure legends. Irradiation was performed before plating, using a 60 Co source at the doses indicated. Lipopolysaccharide (LPS) was from E. coli strain F583 (Sigma, Castle Hill, Australia). Purified recombinant murine TNF-␣, IFN␥, GM-CSF and IL-6 were kindly provided by J Rasko and N Nicola (WEHI). On day 2 for the NaN 3 -treated cells, or day 3 for all other assays, cell concentrations were estimated using an MTS colorimetric assay (Promega, Sydney, Australia) according to the maker's instructions, with OD readings at 496 nm using a Titertek Multiskan (Labsystems, Finland) plate reader.
Northern blot analysis
PolyA(+) mRNA was extracted and analyzed by Northern blot as previously described (Ref. 4 , except that Genescreen filters were probed in the presence of Quikhyb (Stratagene, La Jolla, CA, USA), and washed as described by Chomczynski. 15 Filters were reprobed with GAPDH to control for RNA loading. Signal intensities were measured using a phosphorimager (Fuji, Melbourne, Australia).
Quantitative Southern blot analysis
Quantitative Southern blot analysis was performed as described, 11 with the following modifications: DNA samples were digested with HindIII enzyme, and quadruplicate tracks were electrophoresed for each sample. Filters were probed and washed as for Northern blots described above. Normalization of signal was achieved by comparison of intensities of the 4 kb band containing the Midkine (MK) gene and the 3 kb band containing the pseudo-Midkine (−MK) gene, which is known to be encoded on chr11 in the mouse. 16 
Molecular probes
A probe for murine CD14 was generated by RT-PCR amplification from bone marrow macrophage mRNA using published primers. 17 Probes for TNF␣ and GAPDH were as previously described. 4, 11 The MK probe was a 1 kb fragment spanning the coding region, 18 and kindly supplied by Dr Hiroshi Maruta (Ludwig Institute, Melbourne, Australia).
Results

In vitro derived deletions of chromosome 2
The derivation and the phenotypic and cytogenetic characterization of RB22.2 and its macrophage-like subclones have been described previously. 3, 4 Briefly, the panel used here consists of three groups: Our aim was to find a growth or apoptosis-related phenotypic criterion, or combination thereof, which consistently distinguished between groups 2 and 3, ie between the two groups of macrophage-like RB22.2 subclones, bearing intact vs hemizygously deleted chrs2, respectively.
The phenotypic pattern of resistance to both LPS and apoptosis-inducing agents distinguishes chr2-deleted RB22.2 derivatives
Subclones from each group were compared by several phenotypic criteria. The myeloid cell cytokines IL-6 (10-100 U/ml), GM-CSF (60-6000 U/ml), TNF␣ (20-200 U/ml) and IFN␥ (1-100 U/ml) failed to distinguish between the groups in growth assays described in Materials and methods (data not shown). The cell lines were not examined to determine whether this could be explained by lack of receptor expression. Three characteristics distinguished all the macrophage-like subclones (groups 2 and 3) from the immature group 1 lines. Regardless of the presence of chr2 deletions, all the macrophage-like clones grew more slowly than the parental clones (group 1) both in vitro, and in vivo in syngeneic (BALB/c) mice (data not shown). We had previously shown that the macrophage-like clones expressed increased levels of myeloidspecific markers. 4 Similarly, the macrophage-like lines were several-fold more resistant to all apoptotic agents tested, ie dexamethasone, irradiation and NaN3. Again, the degree of resistance was not related to the presence or absence of chr2 deletions (Figure 1a) .
Bacterial LPS is known to inhibit growth of many mammalian cell types. [19] [20] [21] [22] [23] In the myeloid lineage, it has been shown to inhibit growth and to stimulate differentiation of mature human and mouse macrophages, both normal 24, 25 and transformed, [26] [27] [28] and by contrast to co-stimulate growth of some early monocytic progenitors. 25 IFN␥ has been shown to synergize with LPS in this activity. 29 Consistent with this, the non-deleted group 2 macrophage-like clones were consider- Apoptotic agents select for maturity, whether in RB22.2 subclones or radiation-induced lines, and irrespective of chr2 deletions. Microtiter cultures were initiated at 1000 cells (RB22.2 derivatives) or 10 000 cells (RSS lines) per well in sextuplicate and exposed to the agents shown. Growth was assessed at 2 days (NaN 3 ), or 3 days (dex, irradiation) by an MTS assay as described in Materials and methods. Results are plotted as mean percent (±s. ably inhibited, showing approximately 50% and 20-40% of the growth of untreated cells in response to LPS alone (data not shown) and to LPS and IFN␥, respectively, and the immature group 1 subclones were resistant to inhibition by either treatment. By contrast, the group 3 chr2-deleted clones, which showed other characteristics of mature macrophages, were resistant to, and in some cases stimulated by, LPS with or without IFN␥ (Figure 2, upper panel) .
The mechanism of the sensitivity to LPS was not induction of cell death. Sensitive sublines could be cloned in the presence of 30 g/ml LPS. Though their cloning efficiency (15-60%) was reduced compared to that of resistant sublines (70-90%), the most noticeable effect was the reduction in cell number per colony in the LPS-treated plates to approximately 10% of untreated.
LPS can select for chr2 deletion
We were able to use cell growth inhibition by LPS to select a third in vitro-deleted subclone from .5d2.2, one of the sensitive subclones. Compared to control untreated cultures, the cloning efficiency of .5d2.2 in LPS was 53%, but average clone size was considerably reduced. Of a total of 84 LPStreated clones examined, four stood out as growing rapidly. These were harvested, grown and re-assayed for LPS sensitivity. Only one, designated .5d2.2LR1 (LR1), proved comparably resistant to the deleted subclones (Figure 2, upper panel) .
Since deletion of chr2 was not detectable in LR1 by cytogenetic analysis (data not shown), it was assessed molecularly by quantitative Southern blot analysis with probing for the midkine gene (MK), which was predicted to be within the CDR on chr2. The left panel of Figure 3 confirms that MK is hemizygously deleted in the two radiation-induced tumors RXS12 and RXS10.1 which as previously described, define a deleted region of 7.6 cM. 11 The right panel shows that whereas the parent line RB22.2 and the LPS-sensitive .5d2.2 each bear two copies of the MK gene, the LPS-resistant subclone LR1 is hemizygously deleted at this locus.
LPS-resistant phenotype is present in radiationinduced leukemic cell lines bearing in vivo-derived chr2 deletions
We have described previously the induction of myeloid leukemia by radiation according to the protocols of others, and the adaptation of the tumors to cell culture. 11 We examined 15 such cell lines, 14 of which were cloned, for sensitivity to LPS and IFN␥. As shown for seven of the lines in the lower panel of Figure 2 , every line was resistant to growth inhibition, comparable to the deleted RB22.2 subclones, and several of the lines were even stimulated by the treatment. Similarly, we confirmed the observation of Rasko et al 30 that growth of the chr2-deleted tumor cell line IGM36 is stimulated by LPS (data not shown).
We assessed the responses of the radiation-induced myeloid leukemia cell lines to the apoptosis-inducing agent, dexamethasone. All but one of these lines were resistant (Figure 1b) , comparable with the macrophage-like RB22.2 derivatives.
The LPS effect is not explained by lack of CD14 LPS receptors or failure to induce autocrine gene products
The cellular response to LPS has been shown to be complex and remains incompletely understood. 31, 32 Though it is thought that there may be several cell surface receptors for LPS, only one, CD14, has been clearly demonstrated and cloned. 33, 34 We tested whether the resistance of our deleted lines could be due to a lack of expression of this receptor. As shown in Figure 4 , this was unlikely to be the case. Although the group 1 RB22.2 lines indeed showed minimal expression consistent with their immaturity (columns 1 and 2), among the macrophage-like RB22.2 derivatives and the radiationinduced leukemia cell lines there was no correlation between sensitivity to LPS and the levels of mRNA for CD14.
A mechanism for the synergy between LPS and IFN␥ has been proposed by others. 29 LPS induces the expression of cellular TNF␣, which cooperates with IFN␥ to induce response genes including inducible nitric oxide synthase (iNOS). Therefore, we tested whether the resistance to LPS of our deleted lines might be due to a failure of LPS to induce either TNF␣ or iNOS. Although this was true for the majority of the deleted lines, there was one exception, RSS5, which was resistant to growth inhibition by LPS and IFN␥ despite abundant induction of both TNF␣ and iNOS ( Figure 5 and unpublished results). This suggests that the putative TSG product does not act via these pathways, consistent with the conclusion that its loss also confers resistance to LPS alone.
Discussion
Despite the fact that TSG are generally highly conserved, 35, 36 the chr2 deletion is rare in being identified in mouse tumors. 7 The pattern of synteny with human chromosomes is complex in the vicinity of the deletion, 37 so that prediction of the location of the human homologue is difficult. Meanwhile, the mouse model has allowed us to take the dual approaches of fine mapping of the gene, as we have done in parallel work (Ref. 11 and unpublished data) and gene complementation. As a first step in the latter approach, the experiments described in this paper were designed to identify a biological effect of the deletion, in order to generate a rapid in vitro assay for the gene product. Growth inhibition by LPS does not correlate with production of mRNA for CD14. PolyA(+) mRNA was isolated from logarithmically growing cells. After electrophoresis and Northern gel blotting of 2 g of each mRNA, the filter was sequentially probed, without stripping, for CD14 and GAPDH (a), and results expressed as relative intensities of these two signals as measured by phosphor-image analysis (b). Cell lines: Intact chrs2: lane 1, RB22.2; 2, .5bl2; 3, 13.1.1; 4,a7l; 5, .5b2.1; 6, .5d2.2; 7 .5d3.1; 8, .5d3.1.3; Deleted chr2: lane 9, stella; 10, Rd5.1; 11, RSS4; 12, RSS8; 13, RXS14.1.
Using our in vitro model, we have shown that the deletion correlates with a phenotype which is consistent with loss of a TSG, namely resistance to the growth inhibitor LPS. Given that such resistance is also a characteristic of immature myeloid cells (Ref. 25 and this paper), it has been important to establish an independent marker to distinguish our deleted cells from these. Resistance to apoptosis-inducing agents serves this purpose. Thus, whereas the immature RB22.2 lines show resistance to LPS and susceptibility to apoptosis, the mature macrophage-like lines show the reverse pattern, along with other markers of macrophage differentiation. The chr2- deleted lines conform with the macrophage phenotype, with the exception that they are resistant to LPS.
Our working hypothesis is therefore that the TSG encodes a product which participates in a growth inhibitory response to LPS. Thus far we have not identified the relevant response pathway. Our observations suggest, but do not prove, that it is neither control of CD14 receptor expression nor induction of TNF␣ or iNOS. Our observations also do not exclude the possibility that the putative TSG product can be activated by the binding of other ligands, such as cytokines, including those for which our cell lines may have lost receptors. For example, Resnitzky et al 38 claimed that this TSG is involved in IL6 signalling, although they examined many fewer (three) deleted cell lines, and only one, unrelated, control cell line (M1).
We confirmed that the 15 radiation-induced leukemia cell lines bearing chr2 deletions share the LPS resistant phenotype. Although the hematological classification of these tumors has not been completed, their morphologies vary, and include myeloblastic, promyelocytic and monoblastic features (B Alexander, PhD thesis, University of Melbourne 1997). Given that the LPS responses of the equivalent normal cells are unknown, the full significance of the LPS resistance of the tumor cells is uncertain. Nevertheless, they are resistant, and all but one of them are also distinguishable from the RB22.2 immature cell type in their response to apoptosis-inducing agents. These observations are consistent with our hypothesis. The implications for our gene complementation experiments are clear: we choose to transfect deleted lines, of both RB22.2 class 3 and the radiation-induced tumors, which show resistance to both LPS and apoptosis. We select for transfectants using a vector marker such as G418, and we examine these for loss of resistance to LPS along with retention of resistance to apoptosis.
Given the complexity of growth control mechanisms, it is a reasonable expectation that loss of the putative chr2 TSG would be one of several genetic events which could render sensitive cells resistant to LPS. We indeed isolated a novel deleted subclone by selection for growth in LPS, consistent with, but not proof of, the hypothesis. We are in the process of applying a second test, ie whether the LPS resistance is recessive, as predicted for gene loss.
Perhaps the most remarkable aspect of this work is that an effect of the deletion could be detectable at all in the RB22.2 subclones, given that they contain and express the v-abl oncogene. This phenomenon presumably depends on the compromised growth of the macrophage derivatives of the cell line. It implies that this same model can be used to identify the genes involved in the other 'rescuing' genetic events we have documented in the RB22.2 macrophage subclones, particularly translocation of chr16. 4 It also implies that other carcinogenic genetic events could be selected and analyzed in established tumor cell lines.
